Low noise buffer amplifiers and buffered phase comparators for precise time and frequency measurement and distribution by Miller, W. H. et al.
LOW NOISE BUFFER AMPLIFIERS AND BUFFERED PHASE 
COMPARATORS FOR PRECISE TIME AND FREQUENCY 
MEASUREMENT AND DISTRIBUTION 
R.A. Eichinger,  P. Dachel, W.H. Miller and J.S. Ingold 
Bendix F ie ld  Engineering Corporation 
Columbia, Maryland 
ABSTRACT 
Extremely low noise ,  high performance, wideband 
buf fe r  ampl i f i e r s  and buffered phase comparators 
have been developed for the  NASA Goddard Space F l i g h t  
Center Atomic Hydrogen Standards Program. These 
bu f fe r  a m p l i f i e r s  are designed t o  d i s t r i b u t e  re ference  
frequencies  from 30 KHz t o  45 MHz from a hydrogen 
maser without degrading the hydrogen maser's perfor-  
mance. The buffered phase comparators are designed 
t o  intercompare the phase of state-of-the-art hydrogen 
masers without adding any s i g n i f i c a n t  measurement 
system noise.  These devices  have a 27 femtosecond 
phase s t a b i l i t y  f l o o r  and are stable t o  better than 
one picosecond f o r  long per iods  of  time. Thei r  
temperature c o e f f i c i e n t  is less than one picosecond 
per  degree C,  and they have shown v i r t u a l l y  no vol tage  
c o e f f i c i e n t s .  When used i n  d i s t r i b u t i o n  ampl i f i e r s  
and phase comparison systems, these devices  have 
g r e a t e r  than 90 dB of i s o l a t i o n .  
INTRODUCTION 
Extremely low noise  bu f fe r  ampl i f i e r s ,  d i s t r i b u t i o n  ampl i f i e r s  and 
buffered phase comparators have been developed by NASA Goddard Space 
F l i g h t  Center 's  Atomic Hydrogen Standards Program with engineering 
support  from Bendix F ie ld  Engineering Corporation (BFEC). The bu f fe r  
amplifiers are designed t o  d i s t r i b u t e  re ference  frequencies  between 
30 KHz and 45 M H z  without degrading the hydrogen maser's performance. 
The d i s t r i b u t i o n  a m p l i f i e r s  are designed t o  provide mul t ip le  outputs  
w i t h  a minimum of cross talk. The phase comparators are designed to  
intercompare t h e  phases o f  s ta te-of- the-ar t  hydrogen masers without 
adding any s i g n i f i c a n t  system noise .  
BFEC has  been bui ld ing ,  t e s t i n g  and improving these buf fe r  amplifiers 
and phase comparators. 
ensure t h e i r  meeting the requirements o f  hydrogen maser performance. 
Both t h e  electrical and t h e  mechanical designs 
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These devices  have been ex tens ive ly  tested. 
the r e s u l t s  of  those tests and the specialized test systems developed 
t o  perform these tests. 
This  paper w i l l  r e p o r t  on 
The conten ts  of t h i s  paper have been divided i n t o  f i v e  sec t ions .  The 
The first sec t ion  w i l l  state what is meant by d i s t r i b u t i o n  and measure- 
ment requirements tha t  do no t  degrade state-of- the-ar t  performance of 
hydrogen masers. I n  the  second sec t ion ,  an electrical and mechanical 
desc r ip t ion  o f  bu f fe r  ampl i f i e r  and phase comparator design w i l l  po in t  
out  t he  reasons f o r  the i r  high s t a b i l i t y .  The t h i r d  sec t ion  w i l l  
describe the tests and measurements performed and w i l l  d i s cuss  i n  detail  
t he  systems used to  perform those tests. Fourth,  a de ta i l ed  test  
r e s u l t  s ec t ion  w i l l  d i scuss  t h e  r e s u l t s  of each test and d i scuss  some 
design improvements tha t  have increased performance. A f i n a l  s e c t i o n  
w i l l  summarize the data for easy reference.  
The tests and measurements are divided i n t o  th ree  groups. 
1. TIME DOMAIN PHASE TESTS 
a. Temperature Coeff ic ien t  
b.  Power Supply Voltage Coeff ic ien t  
c. Mechanical Shock Coeff ic ien t  
d. Allan Variance Phase S t a b i l i t y  
2. FREQUENCY DOMAIN TESTS AND MEASUREMENTS 
a. Frequency Response 
b. Harmonic S igna l  Generation 
c. VSWR 
d. I s o l a t i o n  (back-to-front, port-to-port)  
3. SPECTRAL PHASE MEASUREMENTS 
a. Phase Noise Spectrum 
b. 60 Hz AC Magnetic F ie ld  S e n s i t i v i t y  
Time domain phase tests were run t o  test f o r  phase changes due t o  
environmental changes. The tests t h a t  were run include tests f o r  
temperature c o e f f i c i e n t  of phase, vo l tage  c o e f f i c i e n t  o f  phase, mechan- 
ical  shock c o e f f i c i e n t  of phase and Allan var iance tests for phase 
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s t a b i l i t y .  
Wideband frequency response, harmonic s i g n a l  genera t ion ,  and VSWR 
were measured. 
tested f o r  back-to-front i so l a t ion .  When the  bu f fe r  amplifiers were 
configured with a power s p l i t t e r  t o  form a d i s t r i b u t i o n  ampl i f i e r ,  
port-to-port  i s o l a t i o n  tests were run. S p e c t r a l  phase measurements 
were made o f  phase noise  i n  a 10 Hz BW between DC and 1 KHz, and phase 
noise  i n  a 100 Hz BW between DC and 100 KHz. The same measurement 
system was a l s o  used t o  test f o r  60 Hz AC magnetic f i e ld  s e n s i t i v i t y .  
Frequency domain tes ts  and measurements are a l s o  included. 
The bu f fe r  ampl i f i e r s  and phase comparators were a l s o  
REQUIREMENTS 
Hydrogen masers have phase s t a b i l i t y  f loors of the order  o f  0.1 p s  
and long term stabil i t ies of  t he  order  of 1 p s  (1) .  
t o  degrade these stable s i g n a l s ,  d i s t r i b u t i o n  and measurement devices  
must have extremely low add i t ive  noise ,  high s t a b i l i t y  and low sens i -  
t i v i t y  to  environmental changes. Also, t o  minimize the effect o f  
c ros s  t a l k  from mul t ip le  u s e r s ,  i s o l a t i o n  f a c t o r s  from -110 dB t o  
-90 dB are required a t  5 MHz. 
I n  order not  
For t h i s  paper,  except when ta lking about i s o l a t i o n ,  phase dis turbances 
w i l l  be normalized t o  clock error u n i t s  by: 
x = -  9 
w o  
but ,  for s i m p l i c i t y ,  w i l l  still be referred t o  as phase chang, as or  
phase stabil i t ies.  A phase error of 1 p s  on a 5 MHz carrier corresponds 
t o  an i s o l a t i o n  of -90 dB and 0.1 ps  a t  5 MHz corresponds t o  -110 dB. 
Small phase changes, 6 4  , may be converted to  u n i t s  o f  dB by the  rela- 
t i o n  : 
64 = 20 log 6x + 20 l o g  w o  
where bx is a small t i m e  d i s turbance  i n  seconds and w o i s  the  carrier 
frequency i n  rad ians  per  second. 
The bu f fe r  a m p l i f i e r  and phase comparator devices  described i n  t h i s  
paper  exceed the minimum requirements of hydrogen maser performance. 
As testing cont inues,  the major con t r ibu to r s  t o  phase errors are being 
isolated and improved upon by design modif icat ions.  A brief electrical 
and mechanical desc r ip t ion  follows. 
DESCRIPTION OF DEVICES 
The bu f fe r  amplifier was designed for use i n  50QRF systems. 
gain can be ad jus ted  from 0 t o  10 dB t o  b r ing  outputs  up t o  1 VRMS 
t o  compensate for t h e  power s p l i t t e r  l o s s e s  of d i s t r i b u t i o n  systems. 
Each buffer  ampl i f i e r  has  its own vol tage  r egu la to r  to reduce i n d i r e c t  
c r o s s  t a l k  due t o  power supply changes under varying load condi t ions.  
The 
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The essence of the bu f fe r  ampl i f i e r  is i n  its high s t a b i l i t y  and high 
i s o l a t i o n .  
but by its mechanical design. 
c i r c u i t  elements has  been e s s e n t i a l  i n  producing good temperature 
performance. The hea t  sink slows down the  effects of  ambient tempera- 
t u r e  changes and reduces g rad ien t s  across semiconductor components 
improving the cance l l a t ion  of  temperature effects inherent  i n  matched 
semiconductor components. 
T h i s  is achieved not  only by its e l e c t r o n i c  design (2) 
A common heat  s i n k  for a l l  semiconductor 
The phase comparator is used t o  compare the  phases o f  two RF s i g n a l s  
a t  near ly  the  same frequency wi th  subpicosecond prec is ion .  The two RF 
s i g n a l  i npu t s  are highly i s o l a t e d  by buf fer ing  each por t  w i th  a uni ty-  
gain bu f fe r  a m p l i f i e r  (see f i g u r e  1 ) .  These d r ive  a double balanced 
mixer genera t ing  a beat frequency between the  two RF inputs .  The beat 
frequency is f i l t e red  by a pass ive  low pass  f i l t e r  and then by an ac- 
t i v e  low-passed, zero-crossing de tec to r ,  A TTL compatible square wave 
is output wi th  p o s i t i v e  and negat ive going edges corresponding t o  the  
zero-crossings o f  t h e  beat between t h e  two RF s i g n a l  inputs .  
epoch o f  these TTL edges is measured by a clock,  the phase d i f f e rence  
between t h e  RF inpu t s  can be constructed,  
If the 
I I 
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Figure 1. Buffered Phase Comparator Block Diagram 
The phase comparator employs the  same mechanical design as t h e  bu f fe r  
ampl i f ie r .  A common heat s i n k  is used f o r  a l l  the  semiconductors i n  
i t s  two buf fe r  ampl i f i e r s  and double balanced mixer. Reducing tempera- 
t u r e  g rad ien t s  across the double balanced mixer is espec ia l ly  important 
s i n c e  it achieves its high s t a b i l i t y  by using four  matched diodes. 
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DESCRIPTION OF TEST SYSTEMS 
Time Domain Phase Tests 
Many of t h e  tests are run using a dual  phase comparator test system 
(see f i g u r e  2) .  The test technique is based on the Picosecond Time 
Difference Measurement System used by the National Bureau o f  Standards 
(NBS) ( 3 ) .  Two TTL s i g n a l s  corresponding t o  the  same phase d i f f e rence  
between two c r y s t a l  oscil lators are intercompared by a time i n t e r v a l  
counter.  To improve the sytem's phase s t a b i l i t y  f l o o r ,  the RF cab le s  
are ad jus ted  t o  cance l  the phase noise  from the c r y s t a l  o s c i l l a t o r s .  
START 
TIME INTERVAL 
COUNTER 
STOP 
BUFFER BUFFER 
PHASE 
COMPARATOR 
Figure 2. Dual Phase Comparator Test System 
The dua l  phase comparator test system is a v e r s a t i l e  test  instrument.  
Once a test set-up has been charac te r ized ,  test devices  are s u b s t i t u t e d  
for known good devices.  Device phase change characteristics versus  
time, temperature, power supply vol tage ,  mechanical shock and 60 Hz 
AC magnetic f ie lds  are ca l cu la t ed  from phase data. 
The tests are automated by a programmable ca l cu la to r .  
opera t ing  programs t h a t  c o n t r o l  programmable time i n t e r v a l  counters ,  
d i g i t a l  multimeters and d ig i ta l  p l o t t e r s .  Software has been w r i t t e n  
for the  HP9815 and HP9825 c a l c u l a t o r s  t o  run p l o t s  on two types of HP 
Most tests have 
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p l o t t e r s .  
scales and the number o f  data po in t s  t o  be averaged. 
run two sample a l l a n  var iance data may be run a t  any time during the 
tests. 
Each of  the  programs allow t h e  operator  t o  select p l o t t i n g  
A program t o  
Frequency Domain Tests and Measurements 
Frequency domain tests and measurements were made with a t racking  
genera tor  and a spectrum analyzer  ( see  f igu re  3 ) .  The type of  ana lyzer  
var ied ,  depending on the  frequency band of the measurement. 
Figure 3. Frequency Domain Test and Measurement System 
The buf fer  ampl i f i e r s  and phase comparators are tested f o r  back-to- 
f r o n t  and port-to-port  i s o l a t i o n .  The test  is performed simply by 
input ing a nominal s i g n a l  (+13 dBm) i n t o  the  output and examining 
t h e  leakage s i g n a l  a t  t h e  input.  Another method used i n  mul t ip le  
b u f f e r  amplifiers systems is t o  s h o r t  o r  open the  output  o f  one bu f fe r  
while  recording the  phase o f  a s i g n a l  through another  buf fer  wi th  
the  dua l  phase comparator system (see f i g u r e  2 ) .  
a worst case phase d is turbance  as previously discussed. 
Each test r evea l s  
Tests f o r  harmonic d i s t o r t i o n  are made on a l l  bu f fe r  ampl i f i e r s  and 
phase comparators. The s i g n a l  l e v e l  of both the second and t h i r d  
harmonics are recorded r e l a t i v e  t o  a +13 dBm output s i g n a l  a t  5 MHz. 
Although harmonic s i g n a l s ,  which are phase coherent ,  pose no phase 
problem; they are o f  i n t e r e s t  t o  those who use  these  devices  wi th  
frequency mul t ip l i ca t ion  or d i v i s i o n  c i r c u i t s .  
A similar conf igura t ion  with a programmable network analyzer  rep lac ing  
the  spectrum analyzer  was used t o  measure vol tage  s tanding  wave r a t i o  
(VSWR). 
impedance over t h e  e n t i r e  bandpass of  t h e  buf fer .  
The VSWR was run t o  ensure an accura te  5 0 Q i n p u t  and output  
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Spec t r a l  Phase Measurements 
Spec t r a l  phase measurements were made using a s i n g l e  mixer tes t  system 
(see f i g u r e  4).  
a quadrature  hybrid phase sh i f t e r  (4). 
through a buf fer  ampl i f i e r  and input  to  one po r t  of the mixer. 
s h i f t e d  s i g n a l  is fed through a va r i ab le  a i r  l i n e  and another  bu f fe r  
t o  provide s i g n a l s  90 degrees d i f f e r e n t  i n  phase a t  the  mixer. 
mixer symbol, i n  figure 4, represents  a modified phase comparator; 
i n  which, both the a c t i v e  f i l t e r  and zero-crossing de tec to r  were by- 
passed. To minimize high frequency noise ,  a two-pole, low pass f i l t e r  
was used following the mixer. One stage was placed a t  the output  
of t h e  mixer and the o the r  stage was placed a t  the input  o f  a low 
frequency spectrum analyzer ,  
A 5 MHz s i g n a l  is s p l i t  and s h i f t e d  90 degrees by 
The unshi f ted  signal is fed 
The 
The 
1 
I *rN\r I I ANALYZER I 
Figure 4. S p e c t r a l  Phase Measurement System 
The basic theory of  t h i s  measurement technique is as follows. The 
mixer outputs  a vol tage  tha t  is propor t iona l  t o  small phase changes: 
thus small changes i n  phase can be measured i n  terms of small changes 
i n  voltage.  Phase d is turbances  may be w r i t t e n  as: 
where K is a c a l i b r a t i o n  cons tan t  i n  cent imeters  per v o l t ,  made by 
increas ing  the path of one s i g n a l  through the  v a r i a b l e  a i r  l i n e  and 
recording the DC vol tage change with a p rec i s ion  d ig i t a l  mu3itimeter. 
The constants ,w,and c ,  are included to convert  K t o  rad ians  p e r  v o l t .  
Small vol tage  d is turbances  are gene ra l ly  measured i n  dBV and can be 
converted t o  phase d is turbances  i n  dB by: 
6 $  = 6V + 20 log  +- 
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To measure t h e  phase noise  spectrum o f  one or more unity-gain bu f fe r s ,  
they may be s u b s t i t u t e d  for o ther  bu f fe r s  or added t o  either s i g n a l  
path. Then the a d d i t i o n a l  phase noise  is displayed on the  spectrum 
analyzer .  The test  system was checked f o r  f l a t ,  low frequency response 
by frequency modulating a small s i g n a l  on one 5 MHz s igna l .  The sy tem's  
frequency response r o l l e d  o f f  3 dB a t  900 KHz. 
The test system was used t o  measure t h e  phase spectrum i n  a 10 Hz 
bandwidth (BW) between DC and 1 KHz and the  phase spectrum i n  a 100 
Hz BW between DC and 100 KHz because a 1 Hz BW spectrum analyzer  
was not  ava i l ab le  a t  t h e  time. The data were not cor rec ted  t o  a 1 
Hz BW because t h e  co r rec t ion  f a c t o r  would be d i f f e r e n t  f o r  t h e  phase 
noise  spectrum and the  spectral l i n e s  i n  the data. Another measurement 
made w i t h  t h i s  sys tem was t h e  60 Hz AC magnetic f i e ld  s e n s i t i v i t y  
of t h e  buf fer  amplifiers, d i s t r i b u t i o n  amplifiers and phase comparators. 
An AC f i e l d  was generated by using a spare maser f i e l d  c o i l .  The 
test device was or ien ted  i n  its most s e n s i t i v e  pos i t i on  so t h a t  a 
worst case 60 Hz phase noise  peak could be recorded. 
TEST RESULTS 
The previous sec t ion  out l ined  t h e  tests t h a t  have been run on bu f fe r  
amplifiers, d i s t r i b u t i o n  ampl i f i e r s  and phase comparators. T h i s  s ec t ion  
w i l l  d i scuss  raw data samples of  t y p i c a l  test results. Also discussed,  
w i l l  be changes t o  the buf fer  ampl i f i e r  and phase comparator design 
t h a t  were made t o  improve c e r t a i n  test r e s u l t s .  
Figure 5 is a p l o t  of phase comparator temperature performance. The 
p l o t  of phase i n  picoseconds as measured by the  dua l  phase comparator 
test system is shown. The temperature of the  phase comparator under 
test  is monitored on t h e  chassis. Upon completion o f  t he  tes t ,  a 
temperature c o e f f i c i e n t  is then ca l cu la t ed  from the  phase change before  
and after t h e  temperature s t e p .  Phase comparator t es t  r e s u l t s  are 
a l l  better than 1.0 ps/OC. 
on f igu re  5 and compare it wi th  f igu re  6. 
Please note the peak-to-peak phase noise  
Figure 6 is a p l o t  of buf fer  ampl i f i e r  temperature performance. 
peak-to-peak phase noise  is not iceably higher.  Th i s  increase  i n  noise  
l e v e l  was purposely caused by de lay ing  one s i g n a l  pa th  so t h a t  t he  
phase no i se  o f  t he  c r y s t a l  o s c i l l a t o r s  could not  be s u f f i c i e n t l y  can- 
celled. Time delays are normally held below 1 ns  t o  ensure a 27 femto- 
second noise  f loor .  
method. 
s tandard devia t ion  o f  0.27 ps. 
The 
A t h i r ty -e igh t  bu f fe r  sample was tegted by t h i s  
Their mean temperature c o e f f i c i e n t  was 0.41 ps/  C with  a 
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Shock s e n s i t i v i t y  was a l s o  tested f o r  using the same d u a l  phase com- 
parator test system. A calibrated hammer blow was applied t o  s e v e r a l  
buf fers '  most s e n s i t i v e  chassis face. When it w a s  discovered t h a t  
small movements i n  the pos i t i on  o f  parts i n  the bu f fe r  amplifier caused 
r e l a t i v e l y  large phase jumps, a thermal conductive pot t ing compound 
was used t o  reduce the  phase jumps t o  less than 1 ps/lO g shock (see 
f igu re  7 ) .  One p s  is the dua l  phase comparator system re so lu t ion  
s ince  any band i n  the  RF cables caused a I p s  phase jump. 
10 G Shocks 
80 
u) 
40 
Return Buffer tc i 3 Shock Position 
1 Unit = 254E+OO seconds 
Figure 7. Typical Buffer  Amplif ier  Mechanical Shock versus  
Phase Performance 
Figure 8 is a p lo t  of power supply vol tage  versus  phase for a buf fer  
ampl i f i e r .  
There were no phase changes, to  the r e so lu t ion  of the measurement 
system, between 26 and 32 v o l t s .  
vo l tage  r egu la to r  does n o t  work s i n c e  a 2.7 v o l t  drop must be maintained 
across  the r egu la to r  , 
The power supply vol tage  was stepped from 25 t o  32 v o l t s ,  
Below 26 v o l t s  the buf fer  amplifier's 
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Six ty  Hz AC magnetic f i e l d  s e n s i t i v i t y  can be  tested for using the  
dual  phase comparator system but the s p e c t r a l  phase test system has 
higher reso lu t ion .  
are displayed on a spectrum analyzer .  The spectrum analyzer  has a 
few of  its own 60 Hz peaks as shown i n  f igu re  9. The high peak a t  
0 Hz is a l s o  an i n t r i n s i c  property of  t he  spectrum analyzer .  When a 
phase comparator was tested f o r  60 Hz magnetic f i e l d  s e n s i t i v i t y  i n  a 
10 gauss f i e l d ,  t he  60 Hz peak was -90 dB. The mixer c a l i b r a t i o n  fac- 
t o r  o f  20 1ogKw.b was +6 dB. Th i s  magnetic s u s c e p t a b i l i t y ,  al though 
t o l e r a b l e ,  can be reduced t o  -120 d3 by l i n i n g  the phase comparator 
wi th  a 0.005 in .  shee t  of co-net ic  f o i l .  
A 60 Hz response and corresponding odd harmonics 
Figure 9 also shows the phase noise  spectrum of the phase comparator's 
output  s igna l .  
t h i s  data, 
ator is c l e a r l y  shown i n  f i g u r e  9. 
peaks are analyzer generated,  the phase noise  l e v e l  i n  a 10 Hz BW 
between DC and 1 KHz is less than -138 dB. 
The 6 dB mixer c a l i b r a t i o n  co r rec t ion  is included i n  
Since both t h e  180 Hz and 300 Hz 
The extremely good noise  performance of the phase compar- 
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Figure 9.  Phase Noise Spectrum of  Spectrum Analyzer and 
Phase Cornparato? 
Buffer ampl i f i e r s  a l s o  have extremely low noise  performance. I n  f a c t  
there were two buffers  a l ready  i n  the  test system during the  phase com- 
pa ra to r  phase noise  measurement. Figure 10 shows t h e  phase noise  l e v e l  
roughly doubled (+3  dB) when two more buf fers  were added t o  the  test 
system. The increase  i n d i c a t e s  t h a t  the measurement system is a c t u a l l y  
resolving buf fer  ampl i f i e r  phase noise .  
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Figure 10. Phase Noise Spectrum of  2 and 4 Buffer Amplifier 
Measurement Systems 
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Figure 11 is another comparison of two and four  bu f fe r  test  r e s u l t s .  
But, these data are of phase noise  i n  a 100 Hz BW between DC and 100 
KHz. Again, the noise  l e v e l  increased  3 dB with more buf fers .  However, 
whether two or four  bu f fe r  ampl i f i e r s  are used, t h e  phase noise  l e v e l  
remains w e l l  below the required l e v e l  of -110 dB. 
2 BUFFERS 4 BUFFERS 
-80 
-90 
P 
0 
y -110 
too -140 
E -100 
N 
S 
E -120 
I N -no 
H 
B 
(dB) 
-150 
-160 
20 40 60 80 100 0 
FREQUENCY (KHz1 FREQUENCY IKHzl 
p -80 
E -100 
H 0 -90 
p -110 
S 
E -120 
I 
N -130 
100 
H -190 
z 
B -150 
W 
(dB) 
160 
20 40 60 80 100 
Figure 11. Phase Noise Spectrum of 2 and 4 Buffer Amplifier 
Measurement Systems 
Table 1 shows t h e  port-to-port  i s o l a t i o n  obtained from a d i s t r i b u t i o n  
ampl i f i e r  b u i l t  for a NASA hydrogen maser. 
uses  a Mini-Circuits Lab 8-way power s p l i t t e r  t o  d i s t r i b u t e  5 MHz 
reference  s i g n a l s  t o  e i g h t  output  por t s .  The power s p l i t t e r  design 
l i m i t s  t h e  port-to-port  i s o l a t i o n  between p o r t s  on the same s i d e  of  
the power s p l i t t e r  t o  25 dB. This causes a quadrant grouping of good 
and better i s o l a t i o n  factors (see table 1) .  
The d i s t r i b u t i o n  ampl i f i e r  
Summary of T e s t  Resul t s  
To summarize a l l  t h e  test and measurement results t o  date, a buffer  
ampl i f ie r  data shee t  is provided i n  table 2. The phase s t a b i l i t y  
i n  a 12 Hz bandwidth o f  27 femtoseconds f o r  1 second averaging times 
is a two sample Allan devia te  statistic (1) .  
The temperature c o e f f i c i e n t  is less than 1.0 pa/'C. 
vo l tage  c o e f f i c i e n t  is less than 0.1 ps /vol t  which is t h e  dua l  phase 
comparator system reso lu t ion .  Permanent phase jumps from mechanical 
shocks of  10 G fo rce  are less than  1 p s .  
s e n s i t i v i t y ,  wi th  t h e  bu f fe r  turned t o  its most s e n s i t i v e  pos i t i on ,  
The power supply 
The 60 Hz AC magnetic f i e l d  
275 
OUTPUT 
1 
2 
3 
4 
5 
6 
7 
8 
INPUT 
1 
X 
95 
93 
93 
110 
110 
110 
110 
2 3  4 5 6 7 8 
96 96 96 110 110 110 110 
x 93 93 110 110 110 110 
94 x 110 110 110 110 110 
93 100 x 110 110 110 110 
110 110 110 x 96 93 93 
110 110 110 110 x 94 96 
110 110 110 94 95 x 99 
110 110 110 95 95 100 X 
A L L  UNITS ARE I N  DB 
Table 1. A Typical D i s t r ibu t ion  Amplifier 's  Port-to-port I s o l a t i o n  
is -129 dB i n  a 10 gauss f i e l d .  Buffer amplifiers configured i n  a 
d i s t r i b u t i o n  ampl i f i e r  have a -125 dB s e n s i t i v i t y .  
a t  5 MHz r e s u l t  i n  a minimum 67 dB back-to-front i s o l a t i o n  for a s i n g l e  
buffer .  
- +2 dB back-to-front i s o l a t i o n .  
pas t  r e s u l t s .  
ampl i f i e r s ,  higher  back-to-front and port-to-port  i s o l a t i o n  test r e s u l t s  
are expected, The load i s o l a t i o n  test r e s u l t  is from data of  statist- 
ical  measurements. 
after a load change to  each por t  of a d i s t r i b u t i o n  ampl i f ie r .  The sta- 
t i s t ica l  mean and s tandard devia t ion  r e su l t ed  i n  a worst case -115 dB 
i s o l a t i o n  factor. 
a 5 MHz carrier frequency. A l l  o the r  harmonics are lower, and there 
are no spurious s i g n a l s  ou t  t o  1 GHz. The 3 dB bandpass response is 
15 KHz t o  55 MHz a t  a nominal output  l e v e l  of +13 dBm. The ga in  can 
be ad jus ted  e a s i l y  between 1 and 10 dB by changing one r e s i s t o r  and 
one capac i to r  value. The VSWR a t  5 MHz is less than 1.02 f o r  both the 
input  and the  output.  
a t  24 v o l t s  o r  50 mA a t  28 v o l t s ,  
supply - 
I s o l a t i o n  tes ts  
Forty bu f fe r s  have r ecen t ly  been b u i l t  and tested with 69 dB 
T h i s  r e s u l t  is an improvement over 
When these new buf fe r s  are assembled i n  d i s t r i b u t i o n  
Phase data were repeatedly averaged before and 
Harmonic s i g n a l  generat ion is t y p i c a l l y  56 dB below 
Power supply requirements can be e i t h e r  60 mA 
The newest buf fer  uses  a 28 v o l t  
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PHASE STABILITY ..................................................... 
TEMPERATURE COEFFICIENT .............................................. 
POWER SUPPLY VOLTAGE 
COEFFICIENT ......................................................... 
MECHANICAL SHOCK 
S E N S I T I V I T Y  ......................................................... 
HZ Ac MAGNETIC F I E L D  
(60 HZ N O i S E  RESPONSE) ............................................... 
ISOLATION AT 5 MHz 
BACK-TO-FRONT ...................................................... 
BACK-TO-FRONT 
(L-rlTh POWER SPLITTER)  - 8  I , .  . I m . 4  I I , ,  . . I I I I , .  
PORT-TO-PORT 
I I * .  m I I ,  I .  I S  E * a * I I  m L .  
(WITH POWER SPLITTER) .............................................. 
(SHORT/OPEN LOAD) .................................................. 
HARMONICS ............................................................ 
PORT-TO-PORT 
FkEQUENCY RESPONSE ( ~ D B )  ............................................. 
KAXlMUM OUTPUT LEVEL ................................................. 
G A J N  ................................................................. 
VSWR (50n/5 MHzf .................................................... 
S I Z E  ................................................................. 
POWER ................................................................ 
2.7 x 10-14 
< 1.0 P S P C  
AT 1 S AVERAGING T I H E  
c 0.1 PS/VOLT 
-129 OB /lo GAUSS 
67 OB 
-120 DB 
-90 OB 
-115 DB 
-68 DB AT 15 MHz 
15 KHz TO 55 MHz 
+13 oBn 
-56 DB AT 10 HHZ 
0 TO 10 OB 
< 1.02 AT INPUT AND @lJTPUl 
2 X 2 X 1.25 IN. 
0 HA AT 24 V OR s 0 nA AT 28 V 
Table 2. Buffer Amplifier Data Sheet  
Table 3 is a da ta  summary for the phase comparator. 
i t y  is 27 femtoseconds f o r  about 1 segond averaging times (1). 
comparators a l s o  have less than 1 ps/  C temperature c o e f f i c i e n t s ,  
Their  power supply vol tage  c o e f f i c i e n t s  are less than 1.0 ps /vo l t  
f o r  both 215 v o l t  supp l i e s  and less than 0.1 ps /vol t  f o r  t h e  24 v o l t  
supply. The worst case 
60 Hz peak is -120 dB, 
The phase comparator's usable  frequency range is between 100 KHz and 
55 MHz. 
l e v e l s  and has been used t o  intercompare d i f f e r e n t  carrier frequencies  
through i n t e r n a l  harmonic generat ion.  
should not  be exceeded t o  ob ta in  t h e  best performance. The phase com- 
para tor  pu t s  out  a TTL compatible square-wave, phase coherent with the 
beat frequency of the two mixed RF s igna l s .  
powers the bu f fe r s  i n  the phase comparator. 
v o l t s  supp l i e s  t h e  zero-crossing detector electFonics .  
The phase stabil-  
Phase 
When placed i n  a 60 Hz AC magnetic f i e l d .  
Port-to-port i s o l a t i o n  a t  5 MHz is -100 dB. 
The phase comparator w i l l  respond t o  r e l a t i v e l y  low input  
An RF input  l e v e l  of  +13 dBm 
A 120 mA supply a t  24 v o l t s  
A +20 mA supply a t 2 1 5  
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PHASE STABILITY .................................................. 
TEMPERATURE COEFFICIENT .......................................... 
POWER SUPPLY VOLTAGE COEFFICIENT ................................. 
50 Hz AC MAGNETIC FIELD .......................................... 
(WITH SHIELD, 60Hz NOISE RESPONSE) 
FREQUENCY RESPONSE ............................................... 
MAXIMUM INPUT LEVEL .............................................. 
ISOLATlOi4 (PORT-TO-PORT, 5 MHz) .................................. 
OUTPUT LEVEL ........................................... :. ........ 
S I Z E  ............................................................. 
POWER ............................................................ 
2.7 x 10-14 
< 1 .o P S P C  
AT 1 S AVERAGING T I M E  
-120 DB AT 10 GAUSS 
-100 DB 
100 KHz TO 55 MHz 
+13 DBM 
TTL 
6 x 4 x 1.5 IN, 
120 MA A T  24  V AND 
520 MA AT +15 v 
Table 3. Phase Comparator Data Sheet 
CONCLUSION 
These low noise  bu f fe r  a m p l i f i e r s ,  d i s t r i b u t i o n  ampl i f i e r s ,  and phase 
comparators are p resen t ly  being b u i l t  and tested a t  BFEC. Spec ia l ized  
tests and test systems are used t o  v e r i f y  each devices '  performance. 
The bu f fe r  ampl i f i e r  design has been improved by shortening lead lengths 
t o  increase  back-to-front i s o l a t i o n ,  by increas ing  t h e  power supply 
l e v e l  t o  reduce harmonic d i s t o r t i o n  at higher  output l e v e l s ,  and by 
po t t ing  the bu f fe r  t o  reduce phase s e n s i t i v i t y  t o  mechanical shocks. 
D i s t r ibu t ion  ampl i f i e r  improvements are made by using a higher  i s o l a t i o n  
power s p l i t t e r  for increased port-to-port  i s o l a t i o n  and by using higher  
i s o l a t i o n  RF cables and connectors f o r  increased back-to-front i so l a -  
t i on .  The phase comparator design has been improved by changing power 
supply connectors and secur ing  c i r c u i t  boards t o  increase  t h e i r  mechan- 
ical  s t a b i l i t y .  A l l  t h r e e  devices  are assembled i n  var ious  configura- 
t i o n s  f o r  use  i n  many d i f f e r e n t  p rec i se  time and frequency measurement 
and d i s t r i b u t i o n  systems. 
Each of the devices  and systems of devices  are extens ive ly  t e s t e d  t o  
v e r i f y  a performance l e v e l  tha t  does not add any s i g n i f i c a n t  measure- 
ment system noise  t o  t h e  phase o f  s ta te-of- the-ar t  hydrogen masers. 
Phase s t a b i l i t y  f l o o r s  of 27 femtoseconds and long term stabil i t ies 
of one picosecond have been measured on a l l  measurement systems using 
these  devices.  They have shown temperature c o e f f i c i e n t s ,  power supply 
vol tage  c o e f f i c i e n t s  and mechanical shock c o e f f i c i e n t s  o f  less than 
one picosecond. The d i s t r i b u t i o n  ampl i f i e r s  and the phase comparators 
present ly  have greater than 90 dB of i s o l a t i o n  and later should have 
g r e a t e r  than 100 dB of  i s o l a t i o n .  
278 
I n  conclusion, BFEC bu i lds ,  tests and improves these devices  t o  re- 
l i a b l y  exceed these performance r e s u l t s  j u s t  ou t l ined .  These devices  
should have app l i ca t ion  i n  var ious  o t h e r  high s t a b i l i t y  measurement and 
d i s t r i b u t i o n  systems. 
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